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I. INTRODUCTION
Vanadium dioxide (VO 2 ) can exhibit several different crystalline phases. At room temperature, the monoclinic phase, designated M 1 , is the stable structure, which transforms reversibly to the tetragonal R (rutile structure) phase at a temperature near 68
C. This phase change is accompanied by an insulator-to-metal transition (IMT) which has been much studied during the last five decades. By doping VO 2 with Cr, Fe, Al, or Ga in concentrations of order 1 to 10 at. %, a morphotropic transition is caused to a different monoclinic phase, designated M 2 .
1,2 This M 2 phase has also been obtained after high-pressure, high-temperature conversion of the M 1 phase, which can stabilize the M 2 phase by generating a defect structure. 3 Application of a relatively small ($0.1 to 1 GPa) uniaxial stress to pure VO 2 M 1 -phase bulk crystals can also induce the M 2 phase. 4 More recently, it has been attained in monocrystalline fibers, also by an applied stress of $0.5 GPa along the fiber axis. 5 The M 2 phase structure is nearly orthorhombic and, in common with the M 1 phase, undergoes a crystallographic change to the R phase on heating, accompanied by an IMT in which the material's electrical resistivity has a sudden drop by up to 5 orders in magnitude. While thin films of M 1 -phase VO 2 have been much studied during the last two decades, there is much less published information related to M 2 -phase thin films. This phase has been found to be induced by residual stress on VO 2 films deposited on sapphire ð10 10Þ substrates, 6, 7 but also in V 1Àx Cr x O 2 films with very high (15 at. %) chromium concentrations. 8 At least at lower Cr concentrations in V 1Àx Cr x O 2 films, its addition, while enough to stabilize the M 2 structure at room temperature, causes little change in the IMT temperature and no degradation of the resistance and transmittance hysteresis curves, in comparison with those of the M 1 phase. 9, 10 In fact, at least for samples grown on glass, the transition may be sharper for M 2 phase V 1Àx Cr x O 2 films than for pure VO 2 films. Nevertheless, due to the distinct crystal structure of these two lowtemperature phases, as well as because of the chromium substitution of vanadium ions in the lattice, other physical properties of V 1Àx Cr x O 2 could be significantly different from those of M 1 phase VO 2 . In particular, there is little information in the literature about the elastic properties of the M 1 phase, and even less about those of the M 2 phase. In this work, the effective Young's moduli of both M 1 phase VO 2 films and M 2 -phase Cr-doped VO 2 thin films at ambient temperature were calculated from experimentally determined fundamental resonant frequencies of vibrating structures made by coating silicon microcantilevers with thin films grown by pulsed laser deposition (PLD). These measurements were also performed as a function of temperature from room temperature up to 100 C, so that in all cases the film material would pass through the IMT and be entirely transformed to the R phase before the process was reversed. As will be shown, a sharp and substantial frequency shift, as well as large curvature change, is observed through the IMT for cantilevers coated with either M 1 or M 2 phase VO 2 thin films. In the short temperature range explored here changes in cantilever dimensions are negligible, and changes in density and elastic modulus of silicon are very small. Hence, the large resonant frequency shifts observed for the coated cantilevers can depend mainly on the change of the elastic modulus for VO 2 and on internal stresses, which may exist or develop between the two materials in a bilayered cantilever. In much of the existing literature this last effect is ignored, which can indeed be an acceptable approximation when stresses are low enough. Recent theoretical treatments have considered the effect of surface stress, as could be caused by a very thin surface film, 11 but this is still an open problem. Furthermore, the case at hand here entails non-negligible film thicknesses and film-substrate stresses high enough to cause the observed cantilever curvatures. As far as we are aware there is currently no theoretical treatment of the cantilever vibration problem which can be satisfactorily applied to the full range of conditions found during the experiments reported in this paper. As discussed in more detail later, it is also possible that forced cantilever oscillations with sufficiently high amplitudes cause stress-induced phase changes in the VO 2 film, which would couple the value of the elastic modulus to the amplitude.
II. EXPERIMENTAL PROCEDURES
Thin film samples for this work were deposited by PLD on commercially available single crystal silicon (SCS) cantilever chips, with six cantilevers in each chip. 12 These have nominal thickness of 1 lm, and lengths from 90 to 350 lm. According to the manufacturer, cantilever surfaces are parallel to the Si (100) planes and sides are parallel to Si h110i directions. For fabrication of undoped and Cr-doped VO 2 thin films, a pure V 2 O 5 target and a mixed-compound target were prepared from micronized V 2 O 5 and Cr 2 O 3 powders, which were compacted into pellets and sintered in air at 600 C for 6 h. The latter target had Cr content corresponding to an attempted V 0.976 Cr 0.024 O 2 composition which should correspond to M 2 phase material. 1 The VO 2 and V 1Àx Cr x O 2 films were fabricated in an oxygen and argon atmosphere at a total pressure of 25 mTorr and with Ar and O 2 gas flows independently adjusted to 10 and 15 standard cubic centimeters per second (sccm). Background pressure before depositions was of order 10 À6 Torr. A rotating target was ablated using a pulsed KrF excimer laser (Lambda Physik Compex 110, 20-ns pulse duration, 10 pulses/s, $2 J/cm 2 fluence). During deposition, substrate temperature was kept at 550 C. The resonant frequency and curvature change as a function of temperature were measured, as described below, for the coated cantilever chips. Simultaneously with each microcantilever set, a SiO 2 glass substrate was coated as a reference sample in order to characterize the material by x-ray diffraction (XRD) and resistance measurements, and to measure film thickness using steps created by masking before deposition. Hereafter, the same sample identification letter refers to either the cantilever chip or its companion reference sample, depending on the type of measurement performed. Samples A and B were coated with, respectively, 160 nm thick undoped VO 2 and 151 nm thick Cr-doped VO 2 thin films. Thicknesses were measured with a stylus profilometer, using the reference samples.
The cantilever resonant frequency measurements were performed in vacuum, on the same chips before and after film growth, using a setup described previously. 13 A ceramic-surface thermoelectric heater was used to vary the chip temperature. Only the fundamental resonant frequency was considered in this work. The curvature change for the same coated cantilevers was calculated from measurements of tip displacement as a function of temperature (in air). For this purpose, they were observed sideways using a microscope equipped with a filar eyepiece (Lasico 1602 E-10) as their temperature was cycled through the IMT.
III. RESULTS AND DISCUSSION

A. Thin film characterization
All coated samples presented the typical dark amber color of VO 2 . Observations using an atomic force microscope showed lateral crystallite sizes ranging from less than 100 nm to larger than 200 nm for all films. While no direct composition analysis of the films was performed, XRD study (with a Bruker AXS D8 Discover diffractometer, using Cu K a radiation) of preliminary samples deposited on glass substrates verified that, at room temperature, the undoped films were M 1 phase VO 2 and the Cr-doped films were in fact M 2 phase material, as it was possible to unequivocally assign all XRD peaks in h-2h scans to the corresponding phases. Further verification that the M 2 phase was achieved in the Crdoped films was obtained by performing a long-count grazing-incidence XRD 2h-scan (detector scan) on one of the samples, which was fixed at a 4 grazing angle. The result is presented in Figure 1 . All diffraction peaks attributed to the film can be assigned to the M 2 phase, and are indexed in the figure according to Powder Diffraction File (PDF) reference 33-1441, based on powder data from Chamberland. 3 It is noted that in cases in which both ð hklÞ and (hkl) reflections should occur, the observed intensities of the former are always much lower than those of the latter and in some cases not observed at all, indicating a non-random preference for growth with the (201) M2 planes instead of the ð 201Þ M2 planes parallel to the substrate. These two planes are nearly equivalent because the a and c axes in the M 2 crystal structure are almost-but not quite-perpendicular to each other.
Additional XRD studies were performed on the reference samples using a sample heater in the diffractometer. (30 C) to R (90 C). As is usual for VO 2 samples grown by PLD on glass substrates, the film has strong preferred orientation with (011) M1 planes parallel to the substrate surface at 30 C. No significant additional VO 2 reflections, other than the second-order (022) peak, were found in broader scans (not shown in the figure). Once the sample temperature is raised past the phase transition, it is the (110) R-phase planes that are oriented parallel to the substrate. Similarly, Figure 2 (b) (sample B, Cr-doped) shows diffraction peaks corresponding to (201) and ð 201Þ reflections for M 2 -phase VO 2 at RT. From scans over a much wider 2h range, it is clear that these planes correspond to preferred orientations in this case as well. As for the M 1 phase sample, Figure 2 (b) shows the change in phase from M 2 (30 C) to R (90 C). Only the XRD scans for the end points of the temperature range are shown in Figure 2 , but it is emphasized that as the temperature is gradually changed, the peaks corresponding to one particular phase essentially do not shift. Instead, when the IMT region is reached the Mphase, peaks in either case diminish as the temperature is increased, while the R-phase peak appears and increases in intensity, as expected if the R phase nucleates and grows as the temperature is increased. The reverse behavior is found as the temperature is decreased, except that, as expected, a hysteretic shift is also observed. It is noted finally that (110) R reflections for both samples appear at nearly the same angle, but both are substantially shifted to higher angles with respect to expected positions for unstressed crystals (as in PDF 76-0675, for example), indicating-in agreement with the observation of large curvature changes for the cantilevers shown below-that as the films transform to the tetragonal phase they become under strong tensile stress. Electrical resistance characteristics of the same reference samples grown on glass were measured with an automatic temperature-controlled system. In this case, samples were attached with silver to a resistive heater and temperature was monitored with a small thermocouple attached directly on top of the films and read with a Lake Shore 332 temperature controller. As shown in Figure 3 , the transition temperature (T c ) to the R phase was found to be approximately 3.5 lower for the Cr-doped sample than for the undoped phase sample, while the width of hysteresis loops was appreciably narrower and more symmetric for the former. Resistance change through the transition was also up to an order of magnitude larger for the doped sample. The lower transition temperature for the Cr-doped sample is noted, since it is known from resistivity measurements on small bulk crystals with a similar composition, 1,2,14 and also from thermal differential analysis of powdered crystals, 15 that Cr substitution of vanadium causes an increase in the transition temperature in comparison with undoped VO 2 . This is also the case for thin films with much higher Cr content. 8 The negative shift observed in the present case may be caused by film stress or deviation from stoichiometry, although the latter is thought to be less likely, since the same growth conditions were used for both sample types and the transition temperature for the undoped sample is, as expected, very close to 68 C.
B. Cantilever frequency measurements Figure 4 shows the measured resonant frequency as a function of temperature for uncoated and coated 130 lm long cantilevers during the heating-cooling cycle. For both uncoated cantilevers, the resonant frequency remains nearly constant during the cycle. There is a reduction of only $0.2% as the temperature is raised through the 30-100 C heating range, a change attributed mainly to lowering of the silicon Young's modulus, since dimensional changes caused by thermal expansion have effects that are about five times smaller. The difference in resonant frequencies for the two bare cantilevers ($15.2 kHz for sample A and $14.3 kHz for sample B) may be caused by small differences in thickness or actual length between these two cantilevers, which are of course from different chips.
For the coated cantilevers, it is noted first that in both cases the resonant frequency at room temperature has increased, much more markedly so for sample A. Since the measured film thicknesses were not very different for the two samples, and the densities of the two materials are expected to be very similar, the much larger increase in resonant frequency for sample A is attributed to a larger value for the elastic modulus of the undoped film (and hence for M 1 phase VO 2 ) than for the doped film (that is, for M 2 phase VO 2 :Cr). Then, as the temperature is increased for the coated samples and the transition occurs, the resonant frequency increases dramatically and then stabilizes after $78
C. The change in resonant frequency through the transition is noticeably higher for the doped sample (sample B, 15.2% change) than for the undoped sample (sample A, 11.5% change). This can again be associated, at least in part, with a lower value of the modulus for the M 2 phase because the films in both samples are expected to have transformed to the R phase at higher temperatures and, hence, can be expected to have similar moduli, except for the effect of the Cr substitution. It is noted also that the shape of the hysteresis loop for each sample, including the asymmetry observed for the undoped sample, approximately corresponds to that observed in the resistance measurements for the corresponding reference sample, shown in Figure 3 .
It is observed in addition that for both samples, the resonant frequency drops as the temperature increases before the transition region, while it remains nearly constant as the temperature is increased after the transition region. The same type of response is observed for all cantilevers in each of the two chips. It is proposed that the noticeable initial reduction in resonant frequency is caused by substantial VO 2 lattice softening in the monoclinic phases as the temperature is increased in the pre-transition region, which would correspond to a reduction in the Young's modulus, while there is comparatively little or no change in the post-transition region. In this regard, the studies by Maurer et al., 16 who performed surface wave sound velocity studies in VO 2 (M 1 low-temperature phase) crystals, are supportive. Hence, our results suggest that the same situation obtains in M 2 phase V 1Àx Cr x O 2 .
The transition temperatures which can be obtained from the data for the resonant frequency measurements (Figure 4 ) are apparently lower than those previously determined from the resistance measurements ( Figure 3 ) by almost 5
C. This may be caused-at least in part-by differences between the two measurement setups. Since it was not possible to measure actual temperatures in the microcantilevers, for the experiments measuring their resonant frequency and curvature the thermocouple was attached instead to the glass substrate on which the chip was cemented. (The thermocouple was never attached directly to the chip body either, for fear of damaging the fragile microcantilevers.) The glass substrate was in turn attached to the thermoelectric heater used in this case. Shifts of up to several degrees in the measured temperatures-probably associated with the poorer thermal conductivity of the ceramic heater surface-were observed when the thermocouple was repositioned on the glass substrate in this setup. Hence, actual cantilever temperatures may be similarly shifted in the responses recorded in Figure 4 .
The possibility that the films deposited on the cantilevers themselves-as opposed to those on the chip anchors and reference samples-were sub-stoichiometric was also considered as a cause for the downward shift of the transition temperature determined from the frequency measurements, since it is known that a reduction of the transition temperature in VO 2 by $5
can be caused by an oxygen defficiency of just $0.5 at. %. 17 Sub-stoichiometric growth may have been caused by a lower temperature at the microcantilevers than at the chip body and reference sample during film deposition. In order to explore this possibility, a numerical simulation of the steady state temperature distribution in the Si cantilever chip was performed using a finite element analysis method. The model, using the known geometry, assumed that the silicon chip body was attached to a flat heat sink at the growth temperature (550 C) and that the pressure of the surrounding gas was the same as for film growth (25 mTorr). The worst case-that of the longest (350 lm) cantileveryields a temperature reduction at the tip of $35 K. On the other hand, for a 130 lm long cantilever-such as those for which measurements are reported in Figure 4 -it is less than $10 K at the tip end and less than $5 K at the center. Hence, while the temperature decrease from chip body to cantilever tip is probably negligible for the shortest cantilevers, this may not be the case for the longer ones and, as a result, there could be some deviation from correct stoichiometry near the tips. Without performing micron-resolution measurements to accurately determine film composition as a function of position along the cantilever lengths this possibility cannot be dismissed, but this analysis was not attempted for the present work.
C. Determination of effective Young's modulus at room temperature
It has been demonstrated previously that large stresses and consequent curvature changes can be generated on VO 2 -coated cantilevers as the IMT region is traversed. 18 This hinders calculation of the film's Young's modulus as a function of temperature using the classical formulas for cantilever vibration modes, which assume straight beam geometries and no initial internal stresses. 19 These conditions are clearly not satisfied as the VO 2 film transforms to the R phase, at which time large internal stresses develop. Near room temperature, on the other hand, observed curvatures are relatively low and the effect of residual stresses on the resonant frequency may be neglected. Hence, restricting the treatment to this case, it is possible to calculate the films' effective modulus using the classical Euler-Bernoulli straight-cantilever formulas and a procedure similar to that reported by Wang and Cross. 20 For an uncoated cantilever, the wellknown expression for the fundamental resonant frequency f u is
where, L, t 1 , q 1, and E 1 are, respectively, the cantilever length and thickness, and the density and Young's modulus of the material. For the coated cantilever, the formula for the fundamental resonant frequency f c , derived by the equivalent width method, 21 
where t 2 and q 2 are the thickness and density of the coating, and A ¼ E 2 /E 1 is the ratio of Young's moduli of the two materials (A ¼ E VO 2 =E Si in the present case). The manufacturer's stated tolerance error for the SCS cantilever lengths is 65 lm, which is 65.6% for the shortest cantilever and 61.4% for the longest. The procedure followed here to determine the modulus of the coating required measurements of frequencies f u and f c performed on the same cantilevers and combined equations (1) and (2) to eliminate the need to know the cantilever length precisely. 22 On the other hand, the manufacturer tolerance error for cantilever thicknesses (60.3 lm) was unacceptably high for the present purposes, so that a more accurate value was required. Hence, the f u value measured for the three longest cantilevers in each chip (for which the expected relative error in length is lower) was used with Eq. (1) to calculate thickness t 1 and the associated possible error. For the chips corresponding to samples A and B, the cantilever thicknesses obtained were 0.98 6 0.06 lm and 0.96 6 0.06 lm, respectively, which practically coincide with the manufacturer's stated value (1 lm).
For all computations, bulk values for the Young's modulus and density of the silicon substrate were assumed. Young's modulus for silicon along [100] directions was taken to be 169 GPa. 23 It is readily calculated that native oxide layers on the cantilever surfaces (usually 2 to 3 nm thick) would have an effect equivalent to a reduction by less than 1% in the effective modulus of the bare cantilever (with respect to that of pristine silicon) and was neglected in all computations. Film thickness is a more important source of error for determination of the film modulus: while the profilometer used to measure film thickness has a stated resolution of 1 nm, the estimated thickness error is no better than 65 nm, which translates to approximately 63% for the film thicknesses of both samples. The error in the measured resonant frequencies is negligible in comparison with thickness errors and was disregarded. The measured resonant frequencies, before and after coating with VO 2 , and the modulus values for the film (E 2 ) calculated for all cantilevers in each chip are presented in Table I . These show a small spread over the possible error margins within each sample, which may be caused by small imperfections inadvertently introduced during processing between the instances when the resonant frequencies for the uncoated and coated sample are measured. It is noted in addition that, although equal within experimental error, there is a tendency to higher resulting E 2 values for the longer cantilevers, particularly for sample A. This could be related to deviation from stoichiometry in the longer cantilevers-a possibility mentioned in Sec. III Balthough it is not clear why sub-stoichiometric VO 2 should have a higher elastic modulus. The average values obtained for the moduli, as shown in the table, were 156 6 7.5 GPa for VO 2 (M 1 phase) and 102 6 3 GPa for Cr-doped VO 2 (M 2 phase). These results are next compared to other values reported in the literature.
Since VO 2 crystals are monoclinic at room temperature 13 elastic constants would be required to completely describe their strain-stress response, 24 and such detailed information is not available for this material. Description in terms of just two elastic parameters (usually Young's modulus and Poisson's ratio), as strictly applicable for an isotropic material, and even just one (an "effective" Young's modulus E*) is convenient and appropriate in mechanisms with fixed geometry and actuation, and in which the crystalline orientation of the VO 2 is specified. Thus, values for effective Young's modulus of VO 2 films obtained in particular experiments in principle should depend on both, film microstructure and orientation, and the directions of extension or contraction provoked during the measurements in question. Vanadium dioxide films are generally polycrystalline and commonly exhibit characteristic orientations, and possibly in-plane texture, depending on the substrates on which they are deposited. Hence, results can be expected to differ from values obtained for monocrystalline samples in particular crystal directions and-in the case of thin films-between measurements using films with different crystallographic orientations or between techniques which cause strain responses in different directions along or through the film. Since in the present work the undoped VO 2 films deposited on the silicon microcantilevers were oriented with (011) M1 planes parallel to the substrate surface, but had no in-plane texture, the value obtained for the effective modulus at room temperature corresponds to an average for elongations parallel these (011) M1 planes. A much lower value of 86 GPa at RT was obtained for the effective modulus in previous work using a similar technique as in the present case, and with VO 2 films similarly oriented, 13 but since these were only 35 nm thick, it is suggested that the mechanical properties were not bulk-like.
The earliest report for Young's modulus for VO 2 was published in 1970, stating a value of 200 GPa for bulk (20 mm long) acicular crystals with long axis parallel to the [100] M1 direction. 25 According to the author, this result was obtained from deflection of the crystal needles but, unfortunately, methodology was not specified. Values ranging from 140 to 170 GPa for VO 2 (M 1 ) polycrystalline thin films deposited on silicon have been obtained from nanoindenter measurements by Jin et al. 26 Substantially higher values (240 to 260 GPa) were obtained by the same authors for VO 2 films epitaxially grown on a-cut (110) sapphire substrates, but they attributed this to the effect of high compressive stress in the films and suggested that the lower values obtained for the films on silicon are more representative of the intrinsic VO 2 elastic properties. It should be noted, however, that VO 2 on a-cut sapphire is known to grow with (100) M1 planes parallel to the substrate, so it is possible that the higher value obtained by these authors was caused at least in part by the very different resulting film orientation. A second report for the effective Young's modulus for VO 2 thin films determined from nanoindentation measurements gave a value of 140 GPa. 27 The films in this last case, deposited on glass substrates, as well as those used by Jin et al., which were deposited on silicon (probably with its native oxide layer still present), can be considered to be similar to those used in the present work in terms of the orientation of the VO 2 microcrystals, since growth occurs with (011) M1 planes parallel to the substrate surface. Nevertheless, it is noted that in the previously quoted references the analysis to obtain an effective Young's modulus value for VO 2 films from nanoindentation measurements implicitly assumed the material to be isotropic. Hence, while the E* value for M 1 phase VO 2 reported here need not coincide with those 29 The beams were $12 lm long and 0.8 lm thick, with long axis along the [001] R direction, which is parallel to the [100] M1 direction in VO 2 before the transformation. Their result for the modulus was 155 6 15 GPa, and found to be constant-within error limits-over the temperature range explored (up to 75 C), which implies no detected change in the elastic modulus for the R phase. Very recently, the Young's modulus has been determined from measured stress-strain response curves for similar VO 2 nanowires, which were $250 nm thick and $10 lm long, also grown by a vapor transport technique. 5 As in all cases for VO 2 nanowire and acicular crystal growth, the long axis of the crystals corresponded with the [100] M1 direction. Stress-strain response curves were obtained by pulling the nanowires while measuring the force applied and recording the resulting extension. From the slopes of the linear portions of these curves, the modulus was determined to be 128 6 10 GPa for the M 1 phase. The transition to the M 2 phase was induced by symmetry-breaking applied stress, with a full transition after 0.75% strain, and the modulus obtained for the M 2 phase along the [010] M2 directionwhich was parallel to the M 1 phase [100] M1 direction and hence to the nanowire long axis-was 156 6 10 GPa. This recent result by Guo et al. was-to our knowledge-the first reported Young's modulus value for M 2 phase VO 2 . The value reported in the present work is 35% lower, but it is noted that there are important differences between the two experiments, including the facts that the relevant strain directions are not the same, on account of the lack of in-plane texture in the films-even though the (201) M2 planes (or ð 201Þ M2 planes) are parallel to the lattice [010] M2 direction-and, more significantly, the M 2 phase is stabilized at room temperature by chromium substitution of vanadium in our case, not induced by an applied uniaxial stress.
Forced oscillation of the microcantilevers, as performed in the present work, causes cyclic stress on the VO 2 film and, especially as the temperature approaches the transition region, this could induce oscillatory phase change (M 1 $ M 2 or R $ M 2 ) in at least a fraction of the microcrystals in the film. This possibility is clearly revealed by the recent work with monocrystalline VO 2 nanobeams subjected to stress. 5, [30] [31] [32] These phase changes would affect the response and greatly complicate the analysis, both because the effective "spring constant" for the cantilever would then become a function of its instantaneous amplitude during an oscillation and because the effect of stress applied along any particular plane must take into account the fact that the films are polycrystalline. The possible effects of oscillating stressinduced phase changes is not considered further here and remains an interesting topic to be studied. However, it is noted in this context that during the experiments in which the frequency response of the cantilevers were measured, the driving amplitudes were kept as low as possible in order to avoid nonlinear responses. In practice, amplitudes were just sufficient to enable clear detection of the reflected light beam during oscillation.
D. Curvature change through the IMT
As previously reported, 18 high reversible curvature changes can be observed during the IMT in VO 2 -coated microcantilevers. This was found to be the case also for cantilevers coated with VO 2 :Cr, as shown in the double exposure image in Figure 5 for a 90 lm long cantilever. In this case, tip displacement measured directly with a filar microscope eyepiece, was 12.6 lm. From measurements of tip displacement as a function of temperature, cantilever curvature changes were determined for both types of samples. Because of the large displacements occurring, the small angle approximation was not used in calculations. Initial curvature was taken to be zero, although in general there was a small curvature at room temperature, showing that films were then under compressive stress. The graphs shown in Figure 6 are results for the 130 lm long cantilevers in both, doped and undoped samples. Curvature change through the IMT was $1850 m À1 for sample A and over 2900 m À1 for sample B. Results for total curvature change were similar for cantilevers of different lengths in the same chip, but always significantly larger for the VO 2 :Cr-coated cantilevers.
Both for the M 1 ! R and the M 2 ! R phase transitions in the films, the large curvature change is caused by film contraction along the crystallographic planes parallel to the cantilever surface. This has been justified before for the M 1 ! R case. 18 For the M 2 ! R case, the argument is analogous: since the deposited film is oriented with (201) M2 or ð 201Þ M2 planes parallel to the substrate surface, while in its hightemperature phase it is the (110) R planes which are parallel to the substrate, the area of the corresponding planes bound by the monoclinic and (doubled) tetragonal unit cells should be compared. Using the lattice parameters for both structures, obtained from powder diffraction data from Marezio et al., 1, 33 it is directly calculated that during the M 2 ! R transformation the lattice area parallel to the (201) M2 planes is reduced by 2.3%. Hence, very large linear contractions of $1.2% could be in principle expected for unclamped films, although these strains are hindered by misorientation in the polycrystalline films and by the fact that thermal expansion partially counters this effect, particularly when, as in this case, the transition occurs over an extended temperature range. It is noted in passing that just as extremely high curvature changes have been recently achieved with From the measured curvature change through the IMT for the VO 2 :Cr-coated cantilevers the estimated strain change for the films, taking into consideration the lower modulus obtained for the M 2 -phase film, was $0.65%, which implies that there is room for increased effective strain changes with films with better crystallization and orientation, such as could be obtained, for example, on sapphire cantilevers with appropriate crystal orientations. Moreover, for any given strain change, curvature change can be maximized by choosing different substrate materials and optimal geometric factors, including the film/substrate thickness ratio. Since the transformation observed had a temperature width of $20 K, the observed strain change is equivalent to an average strain per degree of approximately À3.3 Â 10 À4 K
À1
, which is over an order of magnitude higher than (and opposite in sign to) thermal expansion coefficients for common solid materials. Hence, the contraction generated by the phase transformation along the plane parallel to the cantilever surface can amply dominate over differential thermal expansion (DTE) effects occurring over the same temperature range. The much smaller deflections observed before and after the phase transition region are caused by DTE, and it is emphasized that these have the opposite direction, which is attributed to the fact that expansion coefficients of both VO 2 phases-at least along the directions relevant here-are greater than the expansion coefficient for silicon.
The observed curvature change for sample A is lower than the values over $2100 m À1 , 18 and over $2500 m À1 , 35 which the authors reported recently from experiments with similar SCS cantilevers coated with M 1 -phase (undoped) VO 2 . However, these differences are mainly a consequence of the different film thicknesses in the corresponding sample sets, as can be shown by calculating in each case the strain change associated with the curvature change through the transition by means of the classical result for the curvature j of a bilayered cantilever with rectangular cross section. 36 This can be written in the form
where R is the radius of curvature, A, t 1 , and t 2 have the same meanings as defined for Eq. (2), B ¼ t 2 /t 1 is the thickness ratio, and e is the strain between the two layers. Using the value determined before for the modulus of the VO 2 (M 1 ) film, the calculated strain change corresponding to the measured curvature changes through the IMT is approximately 0.3% in all cases, demonstrating that this strain change is the fundamental mechanism causing the bending. This estimate neglects the fact that, as mentioned before, DTE produces a strain with the opposite sign and hence reduces the bending effect. Equation (3) also allows calculation of the optimal B ratio-for a given substrate thickness, and assuming the same strain change-which would maximize curvature change. In the present case, for example, the predicted optimal thickness ratio is nearly 0.5; that is, a film thickness of $500 nm on the 1 lm silicon cantilever. The calculated strain change of $0.3% for VO 2 /Si samples is much lower than the maximum which could be expected to occur for a well-oriented film with no in-plane texture, indicating that higher curvature changes can be obtained with improved film microcrystal orientation and a narrower transition region.
The curvature changes measured before and after the transition temperature range, which are caused solely by DTE strain, may be used to determine the film modulus in the M and R phases, respectively. Consideration of Eq. (3) shows that for B values similar to those of the cantilevers used here the curvature produced by a given strain is relatively sensitive to the ratio of Young's moduli A (in comparison with values B ) 0.1, for which sensitivity would be poorer). Starting from Eq. (3), it can be shown that the ratio of Young's moduli for film and substrate can be approximated as
where Da ¼ a 1 À a 2 is the difference in linear expansion coefficients between substrate and film, and DT/d is the inverse of the rate of cantilever tip displacement (d) with respect to temperature increase. The approximation is valid provided the product AB 2 ( 1, which is satisfied in the present case. Unfortunately, this calculation is very sensitive to errors in values of cantilever length and of the effective thermal expansion coefficient for the film, which are not known with sufficient accuracy in the present case. However, since determination of the Young's modulus for R-phase VO 2 would be of particular interest, an estimate was made using the measured tip displacement data from sample A (undoped VO 2 ) for the three shorter cantilevers-nominally 90, 110, and 130 lm long-in the temperature range entirely beyond the hysteresis loop. The tip displacements (measured from the initial position at room temperature) as a function of temperature are shown in Figure 7 . By linear fits of this data, the displacement rates with respect to temperature were found to be approximately À0.027, À0.042, and À0.064 lm/K, respectively, for the cantilevers 90, 110, and 130 lm long. Cantilever thickness was taken to be the same as determined previously, and the lengths were corrected using the f u measurements. The latter correction is critical, since a 1% error in length will introduce an error of 4 to 5% in the results. The linear expansion coefficient for R-phase VO 2 was taken as the average about the (110) R planes, computed from the values determined by Kucharczyk and Niklewski. 37 For silicon, the linear expansion coefficient at the relevant temperature range was computed from the empirical formula by Okada and Tokumaru. 38 The resulting estimate for the effective Young's modulus for the R-phase VO 2 films is $110 GPa. This may be compared to the higher value implied by the results of Fan et al. quoted before, 28 for temperatures above the IMT. It is worthwhile at this stage to recall some earlier results which, while not yielding values for elastic moduli for the R phase, can indicate whether a decrease can be expected for the M 1 ! R transition.
The earliest characterization of mechanical properties of macroscopic VO 2 crystals for both their M 1 and R phases was reported by Reyes et al. in 1972 , 39 who performed microindentation tests on crystals with volumes $0.75 mm 3 at two fixed temperatures, below and above the transition, and found evidence that the material is harder and more brittle in its low-temperature phase. It was only much more recently that additional significant information was reported, when measurements of ultrasonic surface acoustic waves (SAWs) along ð1 10Þplanes (referred to the tetragonal phase) in VO 2 single crystals-with sizes also in the millimeter range-were performed by Maurer et al. 16 These experiments confirmed a sudden fall in mean stiffness as the temperature was increased through the IMT, and also revealed a substantial elastic anisotropy in the metallic phase. Interestingly, anisotropy in SAW speeds was much less distinctive for the monoclinic phase along directions in the plane studied. The measured speed of SAWs traveling along the [001] R direction was $10% higher than for the equivalent [100] M1 direction, but lower in general for all other directions and $25% lower for the [110] R direction than for the corresponding monoclinic direction. Hence, the small speed increase in the [001] R direction according to these previous results may be consistent with the results of Fan et al., 28 which showed no change in the modulus within their experimental error. On the other hand, at least for directions parallel to the ð1 10Þ R plane, the average effective Young's modulus should be lower than along the corresponding monoclinic plane, which would be consistent with the reduction in modulus through the IMT indicated by the estimate presented here.
IV. CONCLUSIONS
Thin films of VO 2 and VO 2 :Cr were deposited by PLD on SCS microcantilevers. At room temperature, the films are in their monoclinic M 1 and M 2 phase, respectively, and both change reversibly to a tetragonal (R) phase upon heating through the materials' IMT. The transition causes large changes in fundamental resonant frequency and curvature for the coated cantilevers, and these changes were found to be greater for the cantilevers coated with VO 2 :Cr. These larger changes in the latter case suggest that V 1Àx Cr x O 2 films may be even more useful than pure VO 2 for some prospective microelectromechanical or optomechanical device applications. As shown, V 1Àx Cr x O 2 with a Cr composition just sufficient to stabilize the M 2 phase at room temperature retains other desirable properties of VO 2 , such as very high and abrupt resistivity changes through the IMT and a transition temperature close to ambient temperature. Hence, the attractive multifunctionality of VO 2 is not impaired and in fact may be enhanced for some applications. The Young's moduli at ambient temperature for both M 1 -phase VO 2 and M 2 -phase VO 2 :Cr were calculated from the resonant frequency data, with results of 156 6 7.5 GPa and 102 6 3 GPa, respectively. From the measurements of curvature as a function of temperature in the range beyond the IMT, a rough estimate of 110 GPa was calculated for the Young's modulus of R-phase VO 2 associated with averaged directions parallel to the (110) R plane. FIG. 7 . Cantilever tip displacement as a function of temperature for three VO 2 -coated cantilevers (sample A) at temperatures high enough that no hysteresis was observed and the sample could be assumed to have completely transformed to the tetrahedral (R) phase. Zero displacement was arbitrarily defined as the tip position at room temperature. Data for temperatures lower than 85 C were not included for the 90 lm long cantilever because hysteresis was still detected. Measurements were performed directly using a microscope equipped with a filar eyepiece. These results were used to estimate the effective Young's modulus for R-phase VO 2 .
